ABSTRACT Monolayers of an enantiomeric and a racemic triple-chain phosphatidylcholine (PC) at the air/water interface are studied by film balance measurements and x-ray diffraction. Although the area per three tails exceeds that per head, we observe tail ordering dependent on headgroup chirality and chain tilt. This indicates lateral headgroup interactions. The influence of the chiral carbon is suppressed at higher lateral pressures, and a centered-rectangular unit cell with tails tilted into the nearest neighbor (NN) direction is observed for both the enantiomer and the racemate. The distortion of the lattice changes at medium pressures from NN to NNN (next-nearest neighbor direction) with decreasing temperature. The phase behavior of the racemate at 150C is compared with that of a triple-chain PC with a branched chain of reduced length. Whereas the PC with the longer branched chain exhibits only a NN tilted phase at all pressures, the PC with the shorter branched chain has a rich polymorphism (NNN-NN-upright hexagonal packing) under increased lateral pressure.
INTRODUCTION
Although the richness of mesophases of amphiphiles at the air/water interface has been sufficiently characterized (Kenn et al., 1991; Bibo et al., 1991) , there remain many open questions regarding the underlying interactions. One of these questions concerns the interplay between forces involving the headgroup and the tail regions, which is important in understanding phospholipid monolayers. These competitive interactions are manifested in a variety of known facts.
For monolayers of 1,2-dipalmitoyl-phosphatidylcholine (DPPC) it is known that because of the large head the tails cannot align vertically, even at the highest lateral pressure (Brezesinski et al., 1995b) .
For enantiomeric DPPC, chiral domains of the ordered phase have been observed (Weiss and McConnell, 1984) . X-ray diffraction has also revealed a chiral structure of the aliphatic tails. However, this was observed also for the racemate (Brezesinski et al., 1995b) , although there domains do not display chirality (Moy et al., 1988) .
The above finding contrasts with that for 1,2-dipalmitoylphosphatidylethanolamine (DPPE) , where a chiral lattice was observed for the enantiomer, not for the racemate (Bohm, 1993; Bohm et al., 1993) . Chiral interactions are by themselves an interesting object in physics and biology (Jaques et al., 1981) . Chiral discrimination was investigated theoretically for chiral molecules forming an insoluble monolayer at the air/water interface (Andelnan, 1989 (Andelnan, , 1990 Andelman and Orland, 1993) . Fluorescence mi-croscopy reveals distinct differences in the condensed phase domain shapes between the enantiomeric and racemic monolayers (Weiss and McConnell, 1984; Moy et al., 1988; Stine et al., 1993; Parazak et al., 1994) . Recently a spontaneous chiral segregation has been found in Langmuir films of a racemic mixture of myristoyl-alanine by epifluorescence microscopy and x-ray diffraction (Nassoy et al., 1995) . However, the occurrence of an oblique lattice for racemates could also be due to spontaneous symmetry breaking, which would not require any phase separation (Viswanathan et al., 1994) . This was observed even for monolayers of nonchiral molecules. Yet here we are predominantly interested in the fact that slight chemical changes in both the hydrophobic and hydrophilic regions as well as at the hydrophobic/hydrophilic interface (chirality of the glycerol backbone) can have a strong influence on tail ordering. To gain further information on this we studied the enantiomer and the racemate of a phosphatidylcholine with three aliphatic tails. Moreover, hydrated phosphatidylcholines containing 2-alkyl substituted fatty acyl chains are interesting systems because they can form nonlamellar phases in bulk at physiologically relevant temperatures (Nuhn et al., 1986; Lewis et al., 1994) . In monolayers at the air/water interface we expect the tails of the triple-chain lipid to determine the packing. We have characterized the phase behavior of the enantiomer and the racemate using pressure-area isotherms as well as x-ray diffraction. By grazing incidence x-ray diffraction one can study the microscopic (A-scale) monolayer structure in considerable detail (Als-Nielsen and Kjaer, 1989; Als-Nielsen and M6hwald, 1991) . To our surprise, chirality is still reflected in the tail ordering at lower lateral pressures, and a strong headgroup repulsion is revealed.
MATERIALS AND METHODS
Both the racemic mixture and one of the enantiomers have been prepared using well-known procedures described in the literature (Paltauf and Hermetter, 1994) . The synthesis of the racemate starts from commercially available racemic 1,2-isopropyliden-glycerol, which was converted to 1-0-hexadecylglycerol (1). Tritylation of 1 followed by benzylation, removal of the trityl residue, phosphorylation, and conversion to the phosphatidylcholine resulted in racemic l-0-hexadecyl-2-benzyl-glycero-3-phosphocholine. After catalytic removal of the benzylether, acylation with the 2-hexadecylstearic acid anhydride in the presence of catalytic amounts of 4,4'-dimethylaminopyridine led to the racemic triple-chain 1-0-hexadecyl-2-(2'-hexadecylstearoyl)-glycero-3-phosphocholine (rac. 1H-2-(2C16-l8:0)-PC). Starting the synthesis from 1,2-isopropylidene-sn-glycerol (Aldrich, Germany), which was converted to 3-0-hexadecyl-sn-glycerol, the corresponding enantiomeric 3-O-hexadecyl-2-(2'-hexadecylstearoyl)-sn-glycero-l-phosphocholine (3H-2-(2C16-18:0)-sn-1-PC) could be obtained by using the same procedures as described previously for the racemates (Rattay et al., 1995 Calorimetric studies were performed with the DSC-2 apparatus (PerkinElmer) using bulk lipid in a water (50 wt%) saturated state (Nuhn et al., 1986) .
Pressure/area isotherms were recorded by a home-built film balance with a continuous Wilhelmy-type pressure-measuring system (Dietrich et al., 1991) in a temperature range between 5°C and 40°C. The compression speed was 3.1 X 10-2 nm2/(minmolecule). The subphase was ultrapure water with a specific resistance above 18 Mflcm, and was purified using a Millipore desktop unit.
Synchrotron grazing incidence x-ray diffraction (GID) experiments were performed at 5°C, 15°C, and 25°C using the liquid-surface diffractometer at the undulator beamline BWI Als-Nielsen et al., 1994) at HASYLAB, DESY (Hamburg, Germany). 
RESULTS
Pressure/area isotherms Both the pure enantiomeric 3H-2-(2C,6-18:0)-sn-l-PC and the corresponding racemate 'H-2-(2C16-18:0)-PC form stable monolayers at the air-water interface. Fig. 1 ssure. This reduction is hibits only two diffraction peaks leading to a centeredrectangular unit cell. In the case of the double-chain phosphatidylcholine DPPC an oblique phase was observed for both the enantiomer and the racemate (Brezesinski et al., 1995b) . A possible explanation of this observation was the )nstrated that the asymorientational ordering of the glycerol backbones linking the one has an influence on two hydrocarbon chains at an oblique angle. This could be etected at low surface established irrespective of chirality. On the other hand, in Lour plots of the enantithe case of the 1,2-dipalmitoyl-phosphatidylethanolamine pressures and at three (DPPE) only the enantiomer exhibits a chiral structure aks at high Qz are very . Therefore, for the enantiomer a hydrod peak is close to Q, = gen bonding network between neighboring headgroups parion from the rectangular allel to the b axis of the unit cell was assumed, whereas the the glycerol is not very racemate forms a two-dimensional network of hydrogen eral pressure suppresses bonds (Bohm, 1993 ). -ntered-rectangular unit
In the present case the PC headgroup is bulky, but the Vhereas the enantiomer three chains require more space and therefore determine the .cture, the racemate ex-area at dense packing. The observed influence of the chiral carbon atom indicates that it is not sufficient to consider area requirements; the extension of the headgroup in specific directions must also be considered. For example, inspection of the molecular structure reveals that the distance between the chiral carbon and the trimethylammonium -T=25°C group is about 10 A, i.e., larger than two lattice spacings.
Therefore, if this group is oriented parallel to the surface, a local interaction with the adjacent headgroup is still possible. Such an interaction is also suggested by the fact that even at the highest pressure the chains are tilted. This contrasts with the finding that the aliphatic tails at high pressure form a hexagonal lattice with vertical alignment if the tail interaction determines the structure. Hence we con- mate and to 52.4°C for the enantiomer. The corresponding transition enthalpies are 49.3 kJ/mol and 47.7 kJ/mol, respectively. The hydration value at 0°C, determined from the ice-peak evaluation, amounts to 24 mol water/mol lipid and is surprisingly large. For both the enantiomer and the racemate the critical temperature Tc of the monolayer is more than 20°C higher than the main transition temperatures Tm of the bulk lipid dispersions. The same behavior was already found for the positional isomers 1-O-hexadecyl-2-(2-tetradecylpalmitoyl)-glycero-3-phosphocholine ('H-2-(2C14-16: 0)-PC) and 1-(2-tetradecylpalmi-toyl)-2-O-hexadecyl-glycero-3-phosphocholine (Dietrich et al., 1991) and explained by a model on head/head interactions between opposing monolayers in a bilayer arrangement.
To compare the corresponding racemic triple-chain PCs it is useful to introduce a second-order parameter in addition to the tilt of the chains. This parameter is the unit cell distortion. Its magnitude ( is defined as ( = (1i2 -12)1q(1 + 122), where 11 and 12 are, respectively, the major and minor axes of the ellipse passing through all six nearest neighbors of a hydrocarbon chain (chain lattice). The distortion azimuth c is the azimuth of the major axis of the ellipse (Kaganer et al., 1993 Kaganer and Loginov, 1995; Scalas et al., 1995) .
The 'H-2-(2C14-16:0)-PC, with three chains of almost the same length, has been described previously (Dietrich et al., 1991 Brezesinski et al., 1994 Brezesinski et al., , 1995a . (NN) . At lower surface pressures the lattice is distorted from hexagonal packing in the NN direction (Qny > Qdy), where Qny is the maximum position of the nondegenerate peak and Qy is the maximum position of the twofold degenerate peak . With increasing pressure the distortion decreases, and at 40 mN/m the lattice is undistorted (see Fig. 7 ). We observe a hexagonal in-plane unit cell in spite of a large tilt angle (t = 130).
In contrast to this behavior, 1H-2-(2C14-l6:0)-PC shows a very rich polymorphism. At lower surface pressures a centered-rectangular packing with chains tilted toward nextnearest neighbors (NNN) was found; both the nondegenerate and the twofold degenerate peaks are above the horizon, with Qn = 2Qd. The lattice distortion azimuth is also in the NNN direction. Between 20 mN/m and 30 mN/m both directions change to NN. This change is connected with a very small decrease in the tilt angle. At 40 mN/m only one diffraction peak at Qz = 0 A-1 has been found, indicating a hexagonal packing of upright chains. It is known that the influence of an increase in chain length on the phase behavior is comparable to that of a decrease in temperature (Kenn et al., 1991) . Comparing the phase behavior of these two molecules, we could expect that the pressure of the transition NNN-NN decreases with decreasing temperature (increasing chain length), whereas that of the transition NN-upright hexagonal packing increases. .
It is interesting to note that the same phase sequence as for 1H-2-(2C14-16:0)-PC has been observed for DPPC in contact with hexadecane (Brezesinski et al., 1995c) . In the system DPPC/hexadecane, the incorporated hexadecane plays the role of branching. However, at 20°C the NNN-NN transition occurs between 7 and 10 mN/m. This means that the covalent connection of the third chain with the main chain in the C2 position of the glycerol backbone decreases the pressure of the NNN-NN transition.
